The DFT method was used to describe the electronic structure of the catalytically interesting (011) surface of molybdenum dioxide, with attention being particularly focused on the properties of the active sites, both molybdenum and oxygen, present at this surface. In addition, a comparison of (011)MoO 2 and (100)MoO 3 surfaces was undertaken since both surfaces contain not only differently coordinated oxygen sites but also the bare molybdenum centres. The electronic structures of both surfaces were obtained using the cluster method and DFT approach. The local properties of the different surface sites exposed at the (011)MoO 2 surface, viz. five-and six-fold coordinated Mo atoms and nucleophilic O sites with different coordination numbers, have been discussed using charge densities, bond-order indices and molecular orbital diagrams.
INTRODUCTION
From a great variety of transition metal oxides, studies on the electronic and geometric structures of dioxide systems constitute one of the most fascinating and outstanding topics in solid-state chemistry/physics (Braithwaite and Haber 1994; Mestl and Srinivasan 1998; Grzybowska-Świerkosz and Trifiro 1997; Centi et al. 2001; Kung 1989) . Amongst these compounds, some of the dioxides belong to systems with metals in the highest oxidation states, e.g. TiO 2 and RuO 2 , whereas others such as MoO 2 or VO 2 incorporate metals possessing lower formal oxidation states and represent partially/totally reduced oxides.
Dioxides of many transition metals crystallize in the rutile structure which contains six-coordinated metal and three-coordinated oxygen atoms. However, some of the systems (MoO 2 , WO 2 , α-ReO 2 and the lower-temperature phase of VO 2 ) adopt distorted variants of the rutile structure, with the symmetry being lowered from tetragonal to monoclinic (Rogers et al. 1969; Burdett 1985; Rao and Raveau 1995; Brandt and Skapski 1967; Bolzan et al. 1995; Ghedira et al. 1985) . Such a structure is characterized by a small deviation from the rutile structure, with pairing of the metals atoms parallel to the c-axis occurring together with the appearance of a lateral, zigzag-like displacement. The deformed rutile structure can be described as having distorted edge-and corner-sharing MeO 6 octahedra.
Molybdenum dioxide at room temperature is a metallic conductor and exhibits weak paramagnetic properties (Ghedira et al. 1985) . Only during the past few years has it attracted any attention in the literature, being mainly discussed as a product of the reduction of molybdenum trioxide (Arnoldy et al. 1985; Regalbuto and Ha 1994; Burch 1978; Sloczynki and Bobinski 1991; Haber and Lalik 1997; Ressler et al. 2000; Lalik et al. 2001) . In metallurgy, the reduction of MoO 3 to MoO 2 is a first, crucial stage in the extraction of metallic molybdenum (Braithwaite and Haber 1994) . Many authors have investigated the process of MoO 3 reduction in a hydrogen atmosphere. In some of the early contributions, Arnoldy et al. (1985) and Regalbuto and Ha (1994) postulated that a one-step mechanism occurred over the temperature range 400-1200 K, with molybdenum dioxide being formed directly from molybdenum trioxide. In contrast, Burch (1978) , Sloczynski and Bobinski (1991) and Lalik Haber and Lalik (1997) advanced a consecutive catalytic mechanism, where MoO 2 was not formed directly from MoO 3 but from the intermediate oxide, Mo 4 O 11 . Indeed, Ressler et al. (2000) and Lalik et al. (2001) suggested combining the above-mentioned two mechanisms, with the reduction of MoO 3 to MoO 2 proceeding via a one-step mechanism at temperatures below 698 K, whereas above 698 K the intermediate Mo 4 O 11 exists and subsequently undergoes further reduction to MoO 2 .
The formation of MoO 2 and intermediate sub-oxides during the reduction of MoO 3 is still one of the unresolved questions in solid-state chemistry. Similarly, a second puzzle is closely related to the ongoing problem of the active Mo-O phases and the role of the different exposed planes in heterogeneous catalytic processes.
There has been a growing interest in molybdenum dioxide as a catalytic material during the past few years. The catalytic properties of the MoO 2 system (either prepared in situ by H 2 reduction of the bulk MoO 3 system or employed as a commercial product) have been investigated in the catalytic isomerization reactions of saturated hydrocarbons (Katrib et al. 1996 (Katrib et al. , 1997a (Katrib et al. ,b, 2001 (Katrib et al. , 2002 . The authors have explained the catalytic activity of this system in terms of a bifunctional mechanism. In this mechanism, dehydrogenation of the saturated hydrocarbon occurs on the metallic site, while the electronegative lattice oxygen atoms bind atomic hydrogen produced on the metallic site and consequently provide the Brönsted acid M-OH site necessary for the isomerization of the olefin. Many reports have attributed the isomerization properties not only to the presence of MoO 2 but also to the appearance of different MoO x and MoO x H y systems. Thus, Katrib et al. (2003) have proposed the MoO 2 (H) x phase as being catalytically active in hydro-isomerization reactions. The use of the MoO x system -composed of MoO x H y and MoO 2 phases -in the n-heptane isomerization reaction has also been discussed by Wang et al. (2004) . have attributed the skeletal isomerization properties of partially reduced MoO 3 powder to the molybdenum dioxide, MoO 2 , in association with or without molybdenum metal and molybdenum sub-oxides. These sometimes controversial results suggest that the role of lower valency transition metal oxides in catalytic process is still worthy of discussion.
As part of systematic studies of the electronic properties of binary Mo-O systems, the present paper is mainly concerned with the refinement of the molybdenum dioxide structure. Presenting the results of ab initio DFT cluster studies, the paper focuses on the properties of metallic and oxygen sites that exist at the (011) surface. The surface data thus obtained has been compared with properties of the surface sites that are exposed at (100)MoO 3 to provide information regarding the influence of the formal Mo oxidation site on the properties of active sites, since both surfaces contain not only differently coordinated oxygen sites but also bare molybdenum centres.
The paper has been organized as follows. Section 2 provides a brief description of computational details (bulk structure, cluster model, method used), Section 3 presents the corresponding results and a discussion thereof, while some general conclusions are given in Section 4.
STRUCTURAL AND COMPUTATIONAL DETAILS

Bulk and surface structure of MoO 2
MoO 2 crystallizes in a simple monoclinic lattice with the space group P2 1 /c. The corresponding lattice constants are a = 5.611 Å, b = 4.856 Å and c = 5.629 Å, respectively, with the monoclinic angle β = 120.9° (Brandt and Skapski 1967; Bolzan et al. 1995) . Each Mo atom is coordinated to six neighbouring oxygen atoms situated at the vertices of a distorted octahedron, yielding six Mo-O distances in the range 1.97-2.07 Å and angles varying between 78°and 97°(see Figure 1 ). The MoO 6 units form rows in which they are connected by edges; the corners link the octahedra of adjacent rows. Furthermore, each second row is rotated by 90°about the [001] direction. Each oxygen atom in the bulk structure is coordinated to three Mo atoms. Two types of non-equivalent oxygen atoms arise from the pairing of the metal atoms. One set of oxygen atoms bridges the short Mo-Mo separation (the Mo-O bonds are equal to 1.97, 1.99 and 2.00 Å, respectively), while the second type is shared between the long Mo-Mo separations (the Mo-O bonds are equal to 1.98, 2.06 and 2.07 Å, respectively). The short metal-metal bond lengths are close to the 2.51 Å value whereas the long Mo-Mo distance is equal to 3.11 Å.
At the surface, the MoO 6 octahedra building the MoO 2 structure can be truncated in various ways, giving rise to patterns of atomic coordination at the surface which differ from those in the bulk. In the present work, one of the low-index surfaces -the (011) surface -has been chosen for studying the local character of the active surface sites. By analogy with the surface structure of the rutile-type system, this surface is expected to be energetically favoured (Reinhardt and Hess 1994; Paxton and Thien-Nga 1998) . In the (011) surface (see Figure 2) , one-half of the surface Mo atoms are five-fold coordinated whilst the other half are six-fold coordinated; the latter are denoted as Mo(5) and Mo(6), respectively. There are also two sets of double and triple bridging oxygen atoms which differ slightly in bond distances and angles: two-fold, O(2), O(2)Ј and three-fold O(3), O(3)Ј coordinated. The chain of two-fold oxygen atoms extending upwards by ca. 1.8 Å from the plane of the surface Mo atoms is composed of so-called "bridging oxygen atoms". The distance between two adjacent chains is ca. 5.4 Å. Rows of triply coordinated oxygen atoms lie in the plane of the Mo atoms, connecting the chains of six-fold and five-fold coordinated molybdenum atoms. Alternatively, the (011) surface of MoO 2 can be characterized by rows of oxygen atoms sticking out of the surface and Mo-O-Mo valleys.
Bulk MoO 3 forms an orthorhombic crystal (Kihlborg 1963) with the lattice constants a = 3.963 Å, b = 13.855 Å and c =3.696 Å. The bulk crystal consists of sheets of bi-layers parallel to the (010) net-plane, where each bi-layer is described by a plane of corner-linked octahedra. The octahedral MoO 6 building unit is severely distorted (similar to that in MoO 2 ) with the Mo-O bonds lengths varying between 1.68 Å and 2.33 Å. There is only weak interaction between adjacent bi-layers, which explains why the (010) direction parallel to the bi-layers defines the cleavage planes of MoO 3 .
The (100) surface (see Figure 3 ) containing different coordinated O sites and bare Mo atoms is much less compact than the usually studied (010) surface (Michalak et al. 1996; Chen et al. 2001; TokarzSobieraj et al. 2001; Coquet and Willock 2005) . As a consequence of the weak interaction between the bi-layers, which are parallel to the (010) net-plane, the double chains of Mo-O octahedra in (100)MoO 3 are isolated. In a similar manner to the (011)MoO 2 surface, the (100)MoO 3 surface has one-half of the Mo atoms five-fold coordinated and one-half six-fold coordinated, denoted as Mo (5) and Mo(6), respectively. The (100) surface contains two groups of terminal (molybdenyl) oxygen sites, either located in the plane or perpendicular to the plane. In the first group, O(1) is linked either to five-or six-fold molybdenum at a distance of 1.67 Å. The terminal oxygen from the 586 R. Tokarz-Sobieraj and M. Witko/Adsorption Science & Technology Vol. 25 No. 8 2007 Top view
Mo ( second group O(1)Ј is coordinated to the saturated six-fold molybdenum at a distance of 1.73 Å. In addition, the (100) plane exhibits the bridging triply coordinated oxygen O(3) placed symmetrically between two five-or two six-fold coordinated molybdenum atoms (at a distance of 1.94 Å each) and linked to the third Mo atom that is six-or five-fold coordinated (at a distance of 2.33 Å), respectively. Both five-and six-fold coordinated molybdenum form separate chains that are connected with each other via edges. The Mo-Mo distances at the (100)MoO 3 surface are larger than those at the (011)MoO 2 surface; the smallest is equal to 3.44 Å whereas the largest is equal to 3.69 Å.
Method
The local electronic structures of the (011)MoO 2 and (100)MoO 3 surfaces were obtained by applying the cluster model and the DFT approach (StoBe package program * ). The electronic parameters of the systems were calculated at the GGA level using RPBE functional (Perdew et al. 1996; Hammer et al. 1999) . The Kohn-Sham orbitals were represented by linear combinations of atomic orbitals (LCAOs). Extended, all-electron basis sets for the oxygen and hydrogen atoms [orbital basis: (41), auxiliary basis (4;4)] were employed, whereas the molybdenum atoms were represented by valence basis sets with the [Ar]3d 10 core described by a model core potential (Godbout et al. 1992; Andzelm et al. 1985) . Detailed analysis of the electronic structure in the clusters was carried out using Mulliken populations (Mulliken 1955) and Mayer bond order indices (Mayer 1983 (Mayer , 1987 .
Cluster model
The (011)MoO 2 surface was modelled by clusters of different sizes and geometries cut from the unrelaxed crystallographic structure. Embedding of the surface cluster was undertaken by saturating the peripheral oxygen atoms with hydrogen atoms to give finite clusters of Mo x O y H z composition. The number of protons was chosen in such a way that the whole cluster was neutral, assuming a formal valence state (2-) for the O atoms and (4+) for the Mo atoms, in accordance with MoO 2 stoichiometry.
Since many chemical properties of clusters show a strong dependence on the cluster size, a sequence of clusters of systematically increasing size was studied in an attempt to achieve cluster size convergence. Two groups of clusters were used to describe the (011)MoO 2 surface: one to focus on the five-fold and the other to point out the six-fold coordinated molybdenum ions. In the first group, clusters were constructed by the successive addition of neighbouring shells to the starting cluster which was constituted of three MoO 5 square pyramids; in the second group, by the successive addition of neighbouring shells to the starting cluster constructed of three MoO 6 octahedra to ensure the correct description of alternating short and long Mo-Mo distances characteristic for the MoO 2 structure. Figure 4 .
In order to study the effect of the second surface layer on the electronic structure of the (011) The double-layer cluster depicted in Figure 5 (a) possesses not only the correct nearest neighbours for both five-and six-fold coordinated Mo centres but also, by turning the double-layer cluster upside down, one obtains the model for both five-and six-coordinated Mo atoms where the appropriate metal sites are in the central position.
The (100) Table 3. neighbours for both the five-and six-fold coordinated Mo centres and forms an appropriate model for both of them (top or bottom of the cluster).
RESULTS AND DISCUSSION
Cluster convergences
A cluster model approach was chosen to carry out systematic studies of the local properties of molybdenum oxide, viz. the character of the surface active sites. In addition, cluster calculations were selected to investigate changes in the ionic/covalent character of the Mo-O bonds in systems where the formal oxidation state of the metal increases from 4+ in the MoO 2 system to 6+ in the MoO 3 system. The clusters selected to represent the (011)MoO 2 plane contained all types of metal and oxygen surface active sites that were exposed at the selected surface, viz. Mo(5), Mo(6), O(2) as well as O(3) centres. Tables 1 and 2 summarize the electronic structure parameters (atomic charges and bond orders) for the clusters studied. All collected values correspond to the ground state, which was found by minimizing the total energy of the system assuming its different possible multiplicity. The electronic parameters are reported for atoms closest to the centres of the clusters. (Table 1 and 2) differ substantially from the results obtained for larger clusters. For example, the charges on the molybdenum sites are only half the values of those in larger clusters. Also, the oxygen site is not correctly described for the Mo 3 O 11 H 10 clusters describing the Mo(5) centre due to the missing consecutive neighbouring shells; since it only has two Mo neighbours, it possesses the character of doubly coordinated oxygen sites. Hence, both small clusters have been omitted in the following discussion.
The results summarized in Tables 1 and 2 show that the charge on the oxygen sites is virtually independent of the local environment and remains constant on proceeding from smaller to larger clusters as well as from one-layer to double-layer clusters. The nucleophilicity of the surface oxygen centres depends on the coordination number as in other transition metal oxides Michalak et al. 1996; Tokarz-Sobieraj et al. 2001; Witko et al. 1999 Czekaj et al. 2003; Haras et al. 2001) . The triply coordinated oxygen centres are more negatively charged than the doubly coordinated oxygen atoms. The charges on O sites bonded with Mo atoms by shorter bonds (1.97, 1.99, 2.00 Å) are always smaller than on oxygen atoms linked to Mo centres by longer bonds (1.98, 2.06, 2.07 Å). In total, the electronic analysis indicates that the double-layer Mo 17 O 42 H 16 cluster can be selected as a model to describe the (110)MoO 2 surface, since it is capable of providing a correct description of both the five-and six-fold coordinated molybdenum centres and represents the cluster with converged electronic properties.
Active sites at the surface of (011)MoO 2 versus active sites at the surface of (100)MoO 3
Since (011)MoO 2 and (100)MoO 3 surfaces contain similar surface active sites, a comparison between their electronic properties has been performed. Figure 5 .
Atomic population results show that in both binary oxides not only are the charges on the molybdenum and oxygen centres far from their formal valence charges but also the calculated difference between the Mo oxidation states in both systems is substantially less than 2. In MoO 2 oxide, the Mo(5) and Mo(6) centres are reduced by 0.35 and 0.42 in comparison to the similar centres in MoO 3 . In both oxides, the Mo sites characterized by five or six coordination differed in charge. It is possible that the charges on the metal centres scale with the coordination number, i.e. the smaller the coordination number the lower the charge. However, the difference is not substantial and is equal to ca. 0.1.
By analogy to molybdenum centres, the charges on the oxygen sites are smaller in MoO 2 than in MoO 3 and depend on the oxygen coordination number. In the MoO 2 system, the triply coordinated O sites (−0.86 and −0.91 depending on the coordination of the molybdenum neighbours) possess the greatest nucleophilic characteristics. The same is true for MoO 3 oxide where the charges on the O(3) oxygen centres are slightly larger and equal to ca. −1.00. The charges on the doubly coordinated oxygen sites in the MoO 2 system vary between −0.5 and −0.6 and are smaller than the charge on the structurally similar O(2) (equal to ca. -0.7) exposed at (010) The covalent contributions to any Mo-O bonding may be characterized by the bond order indices arising from Mayer analysis. Results of bond order analysis for both oxides suggest that an increase in coordination with respect to Mo neighbours leads to an increase in the ionic contribution to the Mo-O bond together with a decrease in its covalent nature. For (011)MoO 2 , the doubly coordinated O(2) bridging oxygen is bound to its two neighbouring Mo centres through two nearly single bonds (bond order values near 0.8-0.9). Triply coordinated oxygen O(3) is linked to molybdenum atoms by much weaker bonds (bond orders between 0.3 and 0.5). The decrease in the sum of the bond orders (~1.6 for doubly coordinated centres and ~1.1 for triply coordinated oxygen atoms) correlates nicely with the increase in the negative charge on proceeding from O(2) to O(3), thereby indicating that the bonding with O(2) possesses a larger ionic than a covalent contribution whereas for O(3) this situation is reversed. For (100)MoO 3 , the covalent contribution to the nature of the Mo-O(3) bond is similar; triply coordinated O(3) is bonded to Mo atoms by very weak bonds (bond orders between 0.3 and 0.5). However, the terminal Mo-O(1) and Mo-(O1)Ј bonds are characterized by a greater covalent contribution. Here, the bonds orders amounted to 1.48 and 1.68 for in-plane bonds and to 1.76 for bonds perpendicular to the surface, indicating a greater strength near to double bonds.
The metal-metal interaction differs substantially in both oxide systems as a result of their crystallographic structures. As mentioned above, in MoO 2 it is possible to select the chains of molybdenum octahedra with alternating short and long Mo-Mo distances of 2.51 and 3.11 Å (see Figure 2) , respectively, whereas in the MoO 3 system the Mo-Mo distances are larger and amount to 3.43 and 3.69 Å (see Figure 3) . The values of the bond orders and distances for metal-metal bonds in clusters modelling both oxides are collected in Table 4 . There is an evident metal-metal interaction in MoO 2 which is much stronger for the Mo(5)-Mo(5) pair (bond order 1.08) than for the Mo(6)-Mo(6) pair (bond order 0.73) for the same short Mo-Mo distance. The negative values of the bond orders characterizing the Mo-Mo interaction between pairs at a larger distance (3.11 Å) indicate a weak repulsion. In MoO 3 , in contrast to molybdenum dioxide, interaction within the pairs of molybdenum centres (six-fold coordinated or five-fold coordinated) is negligible (smaller than 0.1).
Density of states of (011)MoO 2
The description of the electronic properties of (011)MoO 2 surfaces may be enhanced by discussing the total (DOS) as well as the partial, atom-projected densities of states, PDOS. The dense energetic distribution of the Kohn-Sham valence levels in the studied cluster leads to a PDOS definition with a Gaussian broadening of 0.5 eV and allows the theoretical and experimental data to be compared assuming the position of the HOMO orbital to be moved to zero. Figure 6 (a) displays the PDOS plots for the (011)MoO 2 surface obtained using the large Mo 17 O 42 H 16 double-layer cluster. One can see that the Fermi level is located within the band characterized by the Mo orbitals, thereby reflecting the metallic character of the system. The visible valley close to the −1.5 eV energy level divides the valence band into two parts, the first ranging from −8.5 eV to −1.5 eV while the second ranges from −1.5 eV to 2.0 eV. Both regions are characterized by mixed contributions of O and Mo orbitals. Detailed analysis of the spectrum shows dominant contributions from the O 2sp orbitals to the left-hand side of the spectrum (lower energies) and from the Mo 4d orbitals to the right-hand side of the spectrum (higher energies). The contributions from the orbitals associated with triply coordinated O(3) sites are mainly located at the lower part of the valence band region whereas those from doubly coordinated O(2) sites are confined closer to the Fermi level in both molybdenum orbital admixtures. The PDOS allows the different types of molybdenum centres to be distinguished. Thus, in the part of the valence band below the Fermi level, two peaks are present: one associated with the Mo(6) contributions and the other with the Mo(5) contributions. The Mo(5) contribution is dominant near the Fermi level for small molybdenum Mo(6) and oxygen O(2-3) admixtures, whereas for higher energies both molybdenum sites contribute to the same extent.
The PDOS clearly indicates that the contribution from the "new" centres [which form due to surface truncation: Mo(5) and O(2)] appears close to the Fermi level, viz. in the region that is usually attributed to the active sites. This must, therefore, correspond to the contribution of the five-fold Mo(5) sites which are formed as a result of surface truncation.
The calculated theoretical spectra are in agreement with UPS measurements Beatham and Orchard 1979; Gulino et al. 1996; Schroeder et al. 2004) . From the work of Tokarz-Sobieraj et al. (2001) , it is known that the low-binding energy region exhibits two small peaks at −0.4 eV and −1.6 eV, whereas the wide band below the Fermi level has a maximum close to −5.5 eV; the total width of the experimental UPS spectra corresponds to ca. 8.8 eV. Beatham and Orchard (1979 found that the positions of the two components close to the Fermi level were −0.2 eV and -1.0 eV, respectively, whereas Gulino et al. (1996) estimated these values as −0.4 eV and -1.4 eV, respectively. For MoO 2 formed as a result of oxygen adsorption onto the Mo(112) surface [see Schroeder et al. (2004) ], the two peaks occurred at −0.4 eV and −1.5 eV, whereas the position of the maximum intensity for MoO 2 /Mo occurred at the even lower energy value of −3.6 eV.
The theoretical spectrum of (011)MoO 2 [see Figure 6 (a)] exhibits the general picture of a valence band with a characteristic double-peak structure close to the Fermi level. The band width (ca. 8.0 eV) and the position of the maximum of the widest band close to -5.5 eV agree relatively well with the experimental data. The position of the other two small peaks close to the Fermi level (−0.1 eV and −0.8 eV) are slightly shifted when compare to the experimental spectrum. The distance between the maxima of both peaks (ca. 0.7) is smaller than that observed experimentally (where the value varied within the range 0.8-1.2 eV). This difference may have arisen from the different sources considered, viz. the theoretical spectrum describes the (011) surface whereas the experimental data characterizes the global bulk properties of the oxide.
The general features of the spectrum obtained using the cluster approach also agree with the theoretical all-electron electronic structure calculated on the basis of Density Functional Theory within the local density approximation and using the augmented spherical wave method (DFT-LDA-ASW) (Eyert et al. 2000) . In this work, the spectrum of monoclinic MoO 2 was characterized by two groups of bands close to the Fermi level. In the energy range −8.3 eV to −2.5 eV, the band was mainly characterized by O 2p contributions and a non-negligible contribution due to the Mo 4d states. The upper band, which extended from −1.8 eV to 3.0 eV, originated mainly from the Mo 4d states resulting in two maxima at −0.45 eV and −1.15 eV, respectively.
The spectrum for (100)MoO 3 [see Figure 6 (b)] calculated using the Mo 16 H 56 H 16 cluster differs significantly from that obtained for (011)MoO 2 , despite the similarity of both surfaces concerning the existence of bare molybdenum (both five-and six-fold coordinated) and oxygen centres. The position of the HOMO is located within the valence band, which in this region is characterized by a mixture of all the oxygen centres exposed at the (100) surface which dominate as a result of the terminal O(1)Ј group projecting from the surface. In contrast, the conduction band is characterized by Mo(5) orbitals. The gap size between the valence and conduction bands of 1.14 eV may suggest that the characteristic insulator behaviour of the (010)MoO 3 surface , which is characterized by a gap size equal to 1.8 eV, indicates a transition to semiconductor behaviour in the (100)MoO 3 plane. The presented results suggest that the existence of bare, unsaturated molybdenum centres at the surface is not sufficient to allow the metallic character of the system to be exhibited.
CONCLUSIONS
MoO 2 oxides exhibit several properties that are similar to those of other transition metal oxides. Thus, the main (011) surface is characterized by metal-oxygen bonds of a mixed ionic and covalent character. Supporting evidence for such a statement is the fact that the charges accumulated at the metal and oxygen centres are smaller than would be expected from the formal valence charges. The nucleophilicity of oxygen increases with the increase of coordination numbers of the corresponding O sites increase, and the positive charges on the metal centres also increase in a similar manner.
However, there are several properties that distinguish the MoO 2 system from other oxides. The character and energetic distribution of the highest valence orbitals demonstrate the metallic character of the main (011) surface. The valence region is attributed to the metal (Mo) orbitals, indicating that these sites will be dominant in surface reactions. The other factor, which characterizes MoO 2 and is not very common in other transition metal oxides, is the formation of metal-metal (Mo-Mo) pairs with a strong bond between the atoms.
Comparison between the (011)MoO 2 and (100)MoO 3 surfaces exposing similar active sites (five-and six-fold coordinated molybdenum and differently coordinated oxygen) shows that the local properties (charging and bonding) of both surfaces are similar whereas their global features (densities of states) are different. Molybdenum dioxide has a metallic character whereas molybdenum trioxide can be described as an insulator. As a consequence, the metallic orbitals will be involved in surface reactions proceeding on (011)MoO 2 , whereas the oxygen orbitals will play the main role in surface reactions occurring on (100)MoO 3 .
